to an intracellular location. Subcellular fractionation using equilibrium sucrose density gradients demonstrated decreased hyperphosphorylated occludin in lipid rafts, Triton X-100 soluble fractions, and the Triton X-100 insoluble pellet following apical infection.
Apical infection with C. jejuni also caused rapid activation of NF-κB and AP-1, phosphorylation of ERK, JNK, and p38 MAP kinases, and basolateral secretion of the 15 CXC chemokine interleukin-8. Basolateral infection with C. jejuni caused a more rapid decrease in TER, comparable redistribution of TJ proteins, and secretion of more IL-8 compared to that seen with apical infection. These results suggest that compromised barrier function and increased chemokine expression contribute to the pathogenesis of C.
jejuni-induced enterocolitis. 20

INTRODUCTION
Campylobacter jejuni is a leading cause of human enterocolitis, and after a 2 to 5 days incubation period, typically causes diarrhea, cramping, abdominal pain, and fever with a duration of up to a week (14, 18) . Patients with C. jejuni enterocolitis can also develop post-infectious, sometimes life-threatening, complications including irritable bowel 5 syndrome (IBS), Guillain-Barré syndrome (GBS), and immunoproliferative small intestinal disease (IPSID) (38, 41, 65) . While significant advances have been made in understanding C. jejuni pathogenesis, including the complete genome sequence of the type strain NCTC 11168 and more recently strains RM1221 and 81-176 (6, 19, 20, 27, 51) , the mechanism by which C. jejuni causes enterocolitis has not been fully elucidated. 10 C. jejuni strain 81-176 has been shown to causes enterocolitis when experimentally inoculated in human volunteers (9). This strain harbors a pVir plasmid, which is absent in NCTC 11168 and RM1221, encoding a type IV secretion system (TFSS) that has been shown to be involved in microbial invasion in intestinal epithelial cells (6). Using 15 polarized T84 colonocyte monolayers, Monteville and Konkel showed that strain 81-176 preferentially invades via the basolateral surface, and that invasion is facilitated by the binding of the bacteria to the cell matrix protein fibronectin (46). In addition, they showed that C. jejuni could traverse intestinal epithelia via the paracellular route (46). [for review see (37) ]. The loss of TJ barrier function has been correlated with translocation of lipid raft-associated TJ proteins suggesting that this membrane microdomain is an integral part of TJ structure (48).
5
We have previously shown that C. jejuni induces severe gastritis and proximal duodenitis in immunocompromised mice defective in NF-κB expression (21) . Histopathological changes in C. jejuni-infected mice are characterized by mucosal infiltration of inflammatory cells, glandular atrophy, and epithelial hyperplasia and dysplasia (21) . As is often observed in enteric infection with pathogenic bacteria, host inflammatory 10 responses induced by C. jejuni are probably due, at least in part, to "leaky" TJ barrier allowing the influx of bacteria or microbial components into the lamina propria, Immunofluorescence microscopy. After measuring TER, permeable filter supports were excised, rinsed with ice-cold PBS, and immediately fixed in 4% paraformaldehyde 20 for 10 min at room temperature. Cells were permeabilized with 0.5% Triton X-100 for 10 min at room temperature, incubated with 3% BSA for 2 h to block nonspecific antibody binding, and then incubated overnight at 4°C with primary antibodies. Primary Sucrose density gradient centrifugation. T84 cells grown on 75-mm diameter filter supports were lysed in MBST buffer (25 mM MES pH 6.5, 150 mM NaCl, and 1% Triton X-100 plus protease inhibitors [1 µg/ml aprotinin, 10 µg/ml leupeptin, 1 µg/ml pepstatin, 10 and 10 µM phenylmethylsulfonyl fluoride]) at 4°C for 30 min. Cells were homogenized with a Dounce homogenizer using a tight fitting pestle. Two ml of cell lysate were mixed with an equal volume of 80% sucrose in MBS buffer (25 mM MES pH 6.5 and 150 mM NaCl) and placed in the bottom of a centrifuge tube. This was overlaid with 4 ml of 30% and 5% sucrose/MBS buffer successively as previously described (48) . Samples were 15 centrifuged in a SW41 rotor at 275,000 × g for 20 h. One-millimeter fractions were collected from the top of the gradient (total 12 fractions per sample). The pellet was resuspended in 1 ml of MBS buffer containing 1% SDS, boiled for 5 min, and centrifuged at 16,000 × g for 30 min. The resulting supernatant, representing the protein extract from the pellet, was saved for subsequent analysis. Protein concentration was 20 determined using a Dc protein assay kit (Bio-Rad Laboratories, Hercules, Calif.), and equal protein concentrations were trichloroacetic acid (final concentration 10%) precipitated prior to being separated by SDS-PAGE for western blot analysis. Blots Diego, Calif.). Statistical significance was determined using paired Student's t test.
Electromobility shift assay. Control and infected T84 monolayers grown on 24-mm diameter inserts were washed three times with ice-cold PBS and scraped into TNE buffer (40 mM Tris/HCl pH 7.5, 150 mM NaCl, and 1 mM EDTA) as described previously (35) . 20
Cells were collected by centrifugation at 2,300 × g for 30 sec in a microcentrifuge. Cell pellets were resuspended in HKE buffer (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, and protease inhibitors). Cell suspensions were incubated on ice
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on September 23, 2017 by guest http://iai.asm.org/ Downloaded from for 10 min, and Nonidet P-40 was added to a final concentration of 0.5% (v/v) followed by an additional 2-min incubation on ice. After centrifugation at 2,300 × g for 20 sec, supernatant (cytosol) was removed and frozen immediately on dry ice, while the pellet was resuspended in high salt extraction buffer (20 mM HEPES pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM EGTA, and protease inhibitors) and incubated on ice for 30 min. 5
Nuclear extracts were obtained by centrifugation at 16,000 × g for 2 min and were frozen immediately on dry ice. Double stranded oligonucleotides containing consensus sequences for NF-κB and AP-1 (Promega Corp., Madison, Wisc.) were end-labeled using T4 polynucleotide kinase (New England Biolabs, Inc., Ipswich, Mass.) in the presence of 32 P-γ-ATP (Perkin Elmer Life Science). End-labeled probes were purified with Quick 10 spin G-25 columns (Roche Applied Science, Indianapolis, Ind.). The binding reaction was initiated by adding the labeled probe to nuclear extracts (15 µg) in 20 µl of binding buffer (20 mM HEPES pH 7.5, 50 mM KCl, 2.5 mM MgCl 2 , 1 mM dithiothretiol, 0.2 µg/ml bovine serum albumin, and 10% glycerol) which was incubated at room temperature for 30 min. Protein-DNA complexes were separated from free probe on 5% 15 native polyacrylamide gels, which were then dried and exposed to Biomax MR film at -80°C.
RESULTS
C. jejuni infection reduces transepithelial electrical resistance.
To examine the effect of C. jejuni on TJ barrier function we measured TER of polarized T84 monolayers after infection. Preliminary studies showed that TER decreased to 77 ± 14% and 50 ± 9% of 5 control value 24 h after infecting T84 cells with C. jejuni 81-176 at a MOI of 1 and 10, respectively. We also investigated whether the decrease in TER was strain-specific by comparing strain 81-176 to NCTC 11168. The loss of TER in T84 cells infected with NCTC 11168 at an MOI of 10 was 88 ± 7% and 64 ± 9% (n = 6) of control 24 and 48 h post-infection, respectively. This effect on TER was significantly less than that caused 10 by strain 81-176 (see below). Therefore, C. jejuni infection with strain 81-176 at an MOI of 10 was used in subsequent studies. Fig. 2A) , confirming the presence of the lipid rafts in this fraction. Western blot analysis also revealed that the basolateral membrane protein β 1 integrin was restricted to the high density fractions 9-12 at the bottom of the gradient 15 ( Fig. 2A) . C. jejuni infection did not effect the distribution of caveolin-1 or β 1 integrin in the sucrose density fractions (data not shown). In addition, there was no difference in protein concentration in each fraction between infected and uninfected control monolayers (Fig. 2B) . (Fig. 3A) . Fraction 5 and the pellet represent raft-associated and cytoskeletal occludin, respectively. The Triton X-100 soluble occludin in fraction 8 is likely to come from other subcellular compartments, including the cytosol and apical membrane. 5
Twenty-four h after apical infection with C. jejuni there was almost a complete loss of hyperphosphorylated occludin from these fractions, with little change in hypophosphorylated occludin (Fig. 3A) . Basolateral infection resulted in substantial but less complete loss of hyperphosphorylated occludin from these fractions (Fig. 3A) . Laser scanning confocal microscopy of uninfected control monolayers revealed a chickenwire 10 pattern of staining for occludin in en face images consistent with its localization in TJ (Fig. 3C) . Similar to what MacCallum et al. reported for apical infection of Caco-2 monolayers (40), both apical and basolateral infection of polarized T84 monolayers resulted in focal redistribution of occludin from the lateral membrane to an intracellular location (Fig. 3C) . 15 ZO-1 is a peripheral membrane protein of tight junctions that binds to actin filaments and, as expected, was largely found in the pellet at the bottom of the gradient (Fig. 3B) . A small amount of ZO-1 was associated with lipid rafts, while the balance of ZO-1 was found in Triton X-100-soluble fractions 9-12. There was no change in the distribution of 20 ZO-1 in T84 monolayers after infection with C. jejuni compared to uninfected control monolayers, except for a slight increase in the amount of ZO-1 in rafts 24 h after basolateral infection (Fig. 3B) . Laser scanning confocal microscopy for ZO-1 confirmed
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on September 23, 2017 by guest http://iai.asm.org/ Downloaded from this finding and revealed the same chickenwire pattern of staining in uninfected control and infected monolayers (Fig. 3C) . In contrast to the total decrease in and redistribution of hyperphosphorylated occludin from TJ to cytosol, the decreased TER caused by C. jejuni infection was not associated with a change in the amount or the distribution of ZO-1 in polarized T84 monolayers. 5
Redistribution of lipid raft-associated claudin-1 and JAM-1 caused by C. jejuni infection. Claudin-1 and JAM-1 are transmembrane TJ proteins that, along with occludin, mediate cell adhesion and contribute to intramembrane and paracellular diffusion barriers. In uninfected control T84 monolayers, the majority of claudin-1 was 10 found in lipid rafts and in sucrose gradient fractions 7 and 8 (Fig. 4A) . The majority of JAM-1 was found in fractions 8-11, with a smaller amount in lipid rafts (Fig. 4B) . In contrast to occludin, claudin-1 and JAM-1 were not detected in the cytoskeletonassociated pellet fraction. Twenty-four h after apical or basolateral infection with C. jejuni, polarized T84 monolayers exhibited a concomitant increase in raft-associated 15 claudin-1 and decrease in claudin-1 in fractions 7 and 8 (Fig. 4A) . Infection also resulted in a decreased level of raft-associated JAM-1, without any obvious change in fractions 8-11 (Fig. 4B) . In comparison, C. jejuni infection, from either apical or basolateral aspect, did not alter the subcellular distributions of E-cadherin and β-catenin as analyzed by confocal microscopy and sucrose density gradient centrifugation (data not shown). We first investigated the ability of C. jejuni infection to activate of NF-κB and AP-1, two nuclear transcription factors that are important for expression of proinflammatory cytokine genes. Polarized T84 monolayers were infected apically with C. jejuni at an 10 MOI of 10 and nuclear extracts were prepared 15, 30, 60, 180, or 300 min after infection.
NF-κB and AP-1 DNA-binding activity were induced by 30 min after C. jejuni infection, and were sustained through 180 min after infection (Fig. 5A) . By 300 min after infection, both NF-κB and AP-1 activities returned to baseline. This duration of NF-κB activation is somewhat shorter than that reported for HEp-2 cells (32), but comparable to that 15 reported for conventional, non-polarized T84 cells (33) . We next investigated the ability of C. jejuni infection to activate MAP kinases in polarized T84 monolayers. We found that ERK, JNK and p38 displayed time-dependent activation, as judged by phosphorylation, in infected T84 monolayers (Fig. 5B) . MAP kinase activation was detected by 60 min after infection and persisted throughout the experimental period (5 h). 20
The kinetics of ERK, JNK, and p38 activation in infected polarized T84 monolayers was slightly delayed with respect to NF-κB and AP-1 activation, but it occurred more rapidly than reported for polarized Caco-2 monolayers (39) and in a more robust and sustained
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In addition to characterizing NF-κB, AP-1, and MAP kinase activation, we measured IL-8 secretion by polarized T84 monolayers 24 h after apical or basolateral infection with C. 5
jejuni. IL-8 secretion was significantly greater in infected monolayers than in uninfected control monolayers, and basolateral infection induced more IL-8 secretion than infection from the apical aspect (Fig. 5C) . After 24 h, neither apical nor basolateral infection with C. jejuni led to the secretion of as much IL-8 as basolateral treatment with 100 ng/ml Salmonella typhimurium flagellin. These results are consistent with what has been 10 previously reported for conventional, non-polarized epithelial cell lines (7, 24, 26, 44, 62) . This membrane microdomain is also an integral part of the TJ spatial organization (28, 48, 49 ) and loss of raft-associated JAM-1 has been reported in T84 cells exposed to IFNγ from the basolateral aspect (13, 28, 49) . In addition to increased IL-8 secretion observed in this and other studies (39, 44) , elevated expression of IFNγ-inducible protein 10 (γIP-20 10), monocyte chemoattractant protein-1 (MCP-1), growth-related oncogene α and β (GRO α and β), macrophage inflammatory protein (MIP) 1 and 3α have been reported in C. jejuni-infected epithelial cells (30, 33) . This raises the possibility that decreases in This muted response by intestinal epithelial cells is partially due to the down-regulation of TLR signaling components and/or up-regulation of TLR negative regulators (45, 50) . 15 In contrast, TLR5 is enriched in the basolateral surface of intestinal epithelial cells and is the primary microbial sensor against EPEC, enteroaggregative E. coli (EAEC), and S. typhimurium infection (22, 58, 66, 67) . However, flagellin isolated from epsilon Proteobacteria such as C. jejuni or H. pylori is not a potent TLR5 agonist (5, 23, 33, 62) .
H. pylori does activate the intracellular pattern recognition receptor NOD-1, which 20 recognizes bacterial cell wall components delivered into gastric epithelial cells by the TFSS encoded by the H. pylori cag pthogenicity island (PAI) (60) . 
